Background: Intrauterine growth restriction (IUGR) is an important risk factor for cardiovascular disease. Previous studies revealed altered myocardial matrix composition after IUGR. We hypothesized that IUGR is accompanied by compromised myocardial performance independently from arterial hypertension. Methods: IUGR was induced in Wistar rats by maternal protein restriction, and hearts of male offspring were studied using echocardiography, immunohistochemistry, real-time PCR, and western blot analysis. results: At day 70 of life, in the absence of arterial hypertension (mean arterial blood pressure: 101.3 ± 7.1 mmHg in IUGR vs. 105.3 ± 4.6 mmHg in controls, not significant (NS)), echocardiography showed a reduced contractility (ejection fraction: 65.4 ± 1.8% in IUGR vs. 82.2 ± 1.5% in controls, P < 0.001) of a more distensible myocardium in IUGR rats. Altered expression patterns of myosin chains and titin isoforms and increased expression levels of atrial natriuretic peptide, Na/K-ATPase, and β-adrenergic receptor 1 were detected. A higher number of cardiac fibroblasts and vascular cross-sections were observed in IUGR rats, accompanied by elevated expression of hypoxia inducible factor 1 target genes, such as vascular endothelial growth factor and its receptors. conclusion: We observed a blood pressure-independent impairment of myocardial function after IUGR, which possibly favors cardiovascular disease later in life. Some IUGR-induced myocardial changes (e.g., sarcomeric components) may partly explain the compromised cardiac performance, whereas others (e.g., elevated vascular supply) reflect compensatory mechanisms.
i ntrauterine growth restriction (IUGR) is associated with a higher incidence of arterial hypertension, type 2 diabetes, and hyperlipidemia in adulthood and was identified as a relevant risk factor for cardiovascular disease by several epidemiologic studies (1) . The pathogenetic link between fetal deficiency and cardiovascular disease later in life remains unclear. The development of a metabolic syndrome, which is often seen in IUGR individuals, might secondarily lead to cardiovascular dysfunction (2) . Alternatively, structural and functional cardiovascular changes might reflect primary IUGR-induced events during organogenesis. Supporting this notion, Barker (3) developed the hypothesis of "fetal programming, " which postulates that the adverse intrauterine environment impairs fetal growth and differentiation which in turn leads to a lifelong alteration of cardiovascular structure and integrity.
In this context, it could be shown that IUGR is associated with a reduced number of cardiomyocytes at the time of birth (4) . Moreover, fetal hypoxia, a frequent cause of IUGR, resulted in early alterations of myocardial vasculature and changes in cardiac structure and function resembling dilated cardiomyopathy in chicks (5) . The idea of early and primary cardiac changes after IUGR is supported by recent clinical studies. Crispi et al. (6) showed that overt changes of myocardial structure and functionality occurred in IUGR patients already in childhood. There are, however, conflicting reports on myocardial functionality in rat models of IUGR: Lim et al. (7) detected cardiac hypertrophy without impairment of myocardial performance in adult individuals after IUGR, while Cheema et al. (8) described a reduced cardiac output in juvenile IUGR animals.
IUGR is induced by a variety of different pathogenetic factors such as nutritional deficiency and reduced placental perfusion. These pathomechanisms are used in different animal models to induce IUGR (9) . In this study, IUGR was induced by maternal protein restriction. According to our observations in this model, no hypertension, no hypercholesteremia, and no atherosclerosis were detected at the time points investigated (10) . On the other hand, we observed a moderate increase in myocardial collagen deposition, which was, however, not accompanied by overt myocardial fibrosis or hypertrophy (10) .
Based on these observations, we hypothesized that IUGR leads to a decline in myocardial performance and that this is accompanied by a dysregulation of contractile components and functional parameters, which possibly favor the development of cardiac disease later in life.
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RESULTS
As reported previously (10) , male offspring of dams fed a low protein diet during pregnancy (LP rats (rats with IUGR)) showed significantly lower birth weights (4.90 ± 0.5 g in LP vs. 6.39 ± 0.34 g in NP rats (control rats), P < 0.001). Body weights remained reduced in LP animals until day 70 of life (365.8 ± 6.6 g in LP rats vs. 383.7 ± 4.4 g in NP rats, P < 0.05). The assessment of relative heart weights at this time point showed no significant differences in LP and NP animals, confirming the absence of myocardial hypertrophy (4.40 ± 0.40 mg/g in LP rats vs. 4.74 ± 0.34 mg/g in NP rats, NS). Mean arterial blood pressure values, measured by intraarterial catheters, showed no differences in LP and NP rats at day 70 (101.3 ± 7.1 mmHg in LP rats vs. 105.3 ± 4.6 mmHg in NP rats, NS).
Echocardiography
We performed echocardiography in 70-d-old animals. Heart rate was comparable between NP and LP rats (333.8 ± 9.43 bpm in NP rats vs. 320.7 ± 9.70 bpm in LP rats, NS). We detected significantly reduced values for ejection fraction (Figure 1a) and consecutively for fractional shortening (31.8 ± 0.70% in LP rats vs. 43.6 ± 1.96% in NP rats, P < 0.001) in LP rats. Assessing left ventricular anteriolateral wall thickness, we also obtained significantly reduced values in LP animals (Figure 1b) , whereas no significant difference of left ventricular posterior (Figure 1c,d) .
Parameters of Myocardial Structure and Functionality
In hearts of 1-d-old LP and NP rats, we could not detect any difference of the mRNA expression of α-myosin heavy chain (α-MHC) and β-myosin heavy chain (β-MHC). At day 70, we observed significantly higher mRNA levels of these contractile myocardial components in LP rats ( Table 1) . Evaluation of the expressional ratio of α-MHC to β-MHC revealed a trend to a decreased α-MHC/β-MHC ratio in LP rats at day 70 of life (0.77 ± 0.14 vs. 1.15 ± 0.21 in NP; NS). We also assessed expression patterns of the two titin isoforms N2B and N2BA. In 1-d old LP and NP rats, expression levels of both isoforms were comparable. In 70-d-old animals, the expression of N2B and of N2BA was significantly augmented in LP animals ( Table 1) . Evaluation of the expressional ratio of N2BA to N2B revealed an increased N2BA/N2B ratio in LP rats (0.66 ± 0.05 vs. 0.44 ± 0.04 in NP rats; p<0.05). Similarly, myocardial expression of β-adrenergic receptor 1 (Adrb-1), Na/K-ATPase, and atrial natriuretic peptide (ANP) was comparable in LP and NP rats at day 1, while at day 70 of life, we detected increased expression levels in LP animals (Figure 2a-eE) .
Hypoxia, Neoangiogenesis, and Vascularization
To address the question, if hypoxia might contribute to the detected myocardial changes, we evaluated the expression of several hypoxia inducible factor 1 (HIF-1) target genes: vascular endothelial growth factor (VEGF), heme oxygenase 1 (HO-1), hypoxia inducible gene 2 (HIG-2), and insulin-like growth factor binding protein 3 (IGFBP-3) as surrogate markers of HIF-1 stabilization. Assessment of myocardial mRNA expression of the HIF-1 target genes, IGFBP-3, HO-1, and HIG-2, in NP and LP rats showed no differences at day 1 of Articles Menendez-Castro et al.
life but a significant overexpression at day 70 of life in LP animals ( Table 2 ). In the hearts of 1-d-old LP and NP rats, mRNA levels of VEGF, neuropilin 1 (NRP1), VEGF receptor 1 (Flt1), and VEGF receptor 2 (Flk1) showed no difference. In contrast, we observed a significant and concordant overexpression of these angiogenic factors in the myocardium of LP animals at day 70 of life (Figure 3a-e) .
Quantifying the vascular supply of the myocardium by rat endothelial cell antigen (RECA) staining in 1-d-old rats, we could not detect any differences between LP and NP animals (Figure 4a) . At day 70 of life, LP animals, however, showed a significantly higher number of myocardial vascular crosssections (Figure 4b-dD) . We detected increased myocardial expression of α-smooth muscle actin (α-SMA) at the mRNA and protein level in 70-d-old LP rats (Figure 5a,b) . We also observed a higher number of α-SMA-positive vascular crosssections in 70-d-old IUGR rats (Figure 5c-eE) . Using double immunofluorescence for α-SMA and RECA, we showed that α-SMA and RECA were always localized together indicating that increased expression levels of α-SMA could be attributed to an increased number of α-SMA-positive arterioles in LP rats (Figure 5f ).
Increased α-SMA expression might also be a consequence of an increase in activated myofibroblasts. Therefore, we evaluated the abundance of fibroblasts: real-time PCR and western blot analyses revealed higher expression levels of the fibroblast marker vimentin in the myocardium of 70-d-old LP rats (Figure 6a,b) . By immunohistochemistry, we detected a higher number of vimentin-positive fibroblasts in the myocardium of LP rats (Figure 6c-e) . To confirm these data, we also stained for a second marker for myocardial fibroblasts, the discoidin domain receptor 2 (DDR-2). Only a small subset of myocardial fibroblasts was positive for DDR-2. Nevertheless, we detected more DDR-2-positive fibroblasts in the hearts of 70-d-old LP rats (18.36 ± 1.51 DDR-2-positive fibroblasts per view in LP rats vs. 11.77 ± 1.22 DDR-2-positive fibroblasts per view in NP rats, P < 0.01). The costaining for vimentin and α-SMA revealed that vimentin-positive fibroblasts were not coreactive with α-SMA (Figure 6f) , indicating that fibroblasts in the hearts of NP and LP rats were not activated myofibroblasts. Myocardial expression of angiogenic factors. Expression of vascular endothelial growth factor (VEGF) (a) on the mRNA level and (b) on the protein level; mRNA expression levels of (c) the coreceptor neuropilin 1 (NRP1), (d) the VEGF receptor 1 (Flt1), and (e) the VEGF receptor 2 (Flk1) in rats at day 1 (d1) and at day 70 (d70) of life. Abl, amido black staining as a loading control. Data are means ± SEM, *P < 0.05, ** P < 0.01, † P < 0.001. LP, rats with intrauterine growth restriction; NP, control rats. 
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DISCUSSION
The main finding of this study is that our animal model of IUGR leads to an early impaired myocardial function. Moreover, the reduced cardiac performance is accompanied by a dysregulation of sarcomeric components. Day 70 of life was chosen as end point for functional and molecular investigations because it corresponds to a human age of 5-6 y (11). For this age, cohort clinical studies could show significant alterations of myocardial structure and functionality after IUGR (6) . Contrary to a number of other IUGR models, the impaired myocardial function in our study occurs independently from arterial hypertension and can therefore be considered as a primary IUGR-induced effect (10, 12) , which may favor the development of cardiac disease later in life. Concerning the relationship between arterial hypertension and IUGR induced by maternal protein restriction, differing reports can be found showing blood pressure elevation (13) or, alternatively, also unaffected blood pressures levels (14) . This can partly be explained by different time points and methods of blood pressure assessment (e.g., telemetric blood pressure measurement vs. tail cuff plethysmography) as well as different protocols of maternal protein restriction (15) . Echocardiography in IUGR rats at day 70 of life revealed significantly higher values of LVEDD and LVESD with a consecutively reduced fractional shortening. Accompanied by a decreased ejection fraction and a reduction of left ventricular anteriolateral wall thickness, these data point to an impaired contractile function and indicate a more distensible myocardial structure in IUGR rats at this time point, which is supportive of the findings of Crispi et al. (6) in humans. Similar results were obtained in an IUGR model with increased LVEDD and reduced ejection fraction in juvenile IUGR rats (8) . Using an in vivo catheterization technique, these authors detected a reduction in cardiac output, accompanied by decreased arterial blood pressure (8) . At least a trend toward reduced cardiac output was also observed in another low protein model of IUGR (16). Lim et al. (7) studied cardiac function in IUGR rats at an older age and in contrast to Cheema et al. (8) found reduced LVEDD and normal ejection fraction. The reasons for this discrepancy remain unclear but may include different modes of low protein feeding (during pregnancy only vs. during pregnancy and lactation) and different time points investigated (8) .
An impaired cardiac function is often accompanied by altered expression patterns of contractile myocardial components. For example, the expression of MHCs reflects compensatory mechanisms under increased myocardial load (17) as well as in manifest cardiomyopathy (18) . Compared with α-MHC, β-MHC is considered as the MHC isoform with a higher degree of efficiency (19) . Assessing the expressional ratio of α-MHC/β-MHC, we were able to show at least a tendency toward an overexpression of β-MHC in 70-d-old LP rats. This could support the hypothesis of a compensatory myocardial response to the affected myocardial performance post-IUGR. In another IUGR model using maternal low sodium diet, leading to manifest arterial hypertension in the offspring, Battista 
Impaired myocardial performance and IUGR
Articles et al (12) . did not observe changes of the expression of β-MHC in 12-wk-old female Sprague-Dawley IUGR rats. In contrast to our study, they could not detect any functional alterations in male IUGR offspring at all. This discrepancy might be explained by different underlying pathomechanisms in these two models of IUGR (low protein vs. low sodium). In contrast to the findings of Battista et al. (12) , changes in myosin chain expression were not accompanied by elevated blood pressure in our model. The increased expression of myosin chains paralleling the impaired myocardial performance might reflect a very early compensatory mechanism to strengthen myocardial contractility after IUGR. This hypothesis is supported by other studies showing the cardioprotective effect of MHCs in myocardial pathologies (20) . Besides actin and myosin, titin is another important component of the myocardial sarcomeres. As a structural protein, it determines the passive elasticity of cardiomyocytes and thus secures the structural integrity of the myocardium under pressure and volume load (21) . By alternative splicing, two main isoforms of titin, N2B and N2BA, differing in their elastic properties, occur postnatally in the mammalian myocardium.
Compared with N2B, N2BA shows a higher extensibility and a reduced resistance to extension forces (22) . In our study, we detected an increased expression of both N2B and N2BA in 70-d-old IUGR animals. Assessment of the expressional ratio of N2BA/N2B showed a significant increase in LP rats, indicating a relative overweight of N2BA in the myocardium of these animals. The somewhat stronger increase of N2BA expression compared with N2B in our IUGR rats together with the significantly elevated values of LVEDD and LVESD in these animals supports the hypothesis of a more distensible myocardium post-IUGR. According to this, an overexpression of N2BA could be found in the myocardium of patients with dilated cardiomyopathy (23) .
Cardiac fibroblasts play a central role in maintaining myocardial structure and functionality. During cardiac injury, a differentiation of cardiac fibroblasts into myofibroblasts occurs, which supports tissue repair but also may contribute to cardiac fibrosis (24) . In our study, we detected a higher number of cardiac fibroblasts in IUGR rats. Costaining for the fibroblast marker vimentin and α-SMA as marker for myofibroblasts confirmed that the increased number of fibroblasts did not reflect an accumulation of myofibroblasts after IUGR. Nevertheless, an increased number of cardiac fibroblasts may be responsible for the altered myocardial matrix composition in IUGR rats observed in a previous study (10) and may thus alter myocardial elasticity.
The myocardium has the ability to adapt and to optimize its performance by alteration of its structure and functionality. In this context, it could be shown that markers of growth and differentiation were reactivated (25) . One of them is ANP. During embryonal development, ANP is highly expressed in the atrium and the ventricle. After birth, only a reduced expression of ANP can be found in the healthy, unaffected mammalian heart (26) . A postnatal resurgence of ventricular ANP expression can be found following unphysiological cardiac load and constitutes an early marker of structural and functional pathologies in the myocardium (27) . In humans, increased concentrations of ANP in the umbilical vein blood of IUGR fetuses were described (28) . Moreover, hypoxia of the myocardium was found to stimulate myocardial ANP expression (29) . In our study, we detected a higher ventricular ANP expression and speculate that the more distensible myocardium after IUGR reaches a higher wall tension, which in turn could upregulate the expression of ANP.
Furthermore, β-adrenergic pathways are often activated to maintain an appropriate cardiac output (30) , which could explain the augmented myocardial expression of the β1-adrenergic receptor in our IUGR animals. On the other hand, chronic upregulation of β-adrenergic pathways leads to unfavorable hypertrophic changes of the myocardium in the long run (30) . Thus, early activated cardioprotective mechanisms after IUGR can possibly also result in the development of cardiac disease.
Another important factor to regulate myocardial inotropy is the Na/K-ATPase. Animal studies revealed a positive correlation between Na/K-ATPase activity and myocardial inotropy, suggesting a cardioprotective function of Na/K-ATPase (31) . We speculate that the overexpression of myocardial Na/KATPase, seen in our study, may represent a further compensatory mechanism.
To our surprise, we observed an increased vascular supply in the hearts of 70-d-old IUGR rats. Volume and pressure overload, along with a reduced coronary perfusion, can lead to ischemia and hypoxia (32) . We detected a higher myocardial expression of the HIF-1 target genes, IGFBP-3, HO-1, and HIG-2, indicating myocardial hypoxia in IUGR animals at this time point. Assessing neoangiogenic factors, we could also show higher levels of VEGF and its receptors Flt1, Flk1, and NRP1 in these animals. Neoangiogenesis is frequently associated with myocardial hypertrophy (33) . In our study, relative heart weights of 70-d-old LP and NP rats are not different, which is not supportive of a hypertrophic myocardial remodeling in IUGR animals as a potential neoangiogenic trigger. We hypothesize that in our model of IUGR the increased distensibility of the myocardium detected by echocardiography might lead to higher mechanical strain and subsequently to hypoxic induction of vascular growth. In this context, it could be shown in vitro that mechanical stress to cardiomyocytes induces VEGF (34) . Accordingly, Tintu et al. (5) described the phenotype of a dilated cardiomyopathy and an increased expression of VEGF in chick embryos after hypoxia-induced IUGR. In contrast to our findings, Lim et al. (7) did not detect any changes in myocardial capillarization in female IUGR rats. These conflicting data might arise from gender differences, different modes of low protein feeding, or different time points investigated.
Taken together, we detected impaired cardiac function and echocardiographic signs of a more distensible myocardium post-IUGR in the absence of arterial hypertension. These observations are accompanied by a dysregulation of sarcomeric components and an increase in myocardial Articles Menendez-Castro et al.
vascularization. The fact that differences between IUGR animals and controls revealed only at day 70 of life, not at day 1 of life, is supported by clinical observations: it is not unusual that congenital myocardial pathologies unmask postnatally with some delay because of the physiologically higher ventricular load appearing after birth compared to intrauterine hemodynamics (35) . The observed alterations might in part reflect a compensatory response to a reduced myocardial performance or to myocardial hypoxia. On the other hand, it seems conceivable that an early dysregulation of contractile components, like the titin isoforms, with a relative overexpression of the more distensible isoform, might impair myocardial function and thus pave the way for the development of cardiac disease later in life.
METHODS
Animal Model
All procedures performed on animals conform to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and were approved by local government authorities (Regierung von Mittelfranken, AZ #54-2531.31-12/06). As described previously, IUGR was induced using the rat model of maternal protein restriction during pregnancy (10) . After spontaneous delivery, body weights of the offspring were assessed, and the litters were reduced to six male pups per dam as described (36) to achieve equal lactation conditions. The offspring of the mothers fed a diet with normal protein content were termed NP, the offspring of the mother with low protein diet were termed LP. Surplus male pups were killed by decapitation, and their hearts were used for histological and molecular evaluation. During lactation, rat mothers were fed standard chow. The offspring was nursed by their mothers until weaned at day 21 to standard chow. We used hearts from 24 male animals from six litters per group at day 1 of life and hearts from 20 animals from five litters per group at day 70 of life. 
Blood Pressure Measurements
Intraarterial blood pressure measurements were performed as described (10) in all rats of the experimental groups. At the day of sacrifice, catheters were implanted in the right femoral artery and tunneled subcutaneously. After a recovery phase of 2 h, mean arterial blood pressure was recorded by a polygraph (Hellige, Freiburg, Germany) in conscious animals for 30 min.
Tissue Preparation
At day 70 of life, animals were killed by retrograde perfusion in deep anesthesia (ketamine 100 mg/kg body weight and midazolam 5 mg/kg body weight intraperitoneally). Hearts were removed and weighted. A 3-mm-thick apical part of left ventricular tissue was snap frozen in liquid nitrogen. Another 3-mm-thick specimen of left ventricular tissue was fixed in methyl carnoy solution and imbedded in paraffin for immunohistochemistry. Two-micrometer sections were cut, using a Leitz microtome (Leica Instruments, Wetzlar, Germany).
Immunohistochemistry
Staining of paraffin sections was performed as previously described (38) . To detect blood vessels in myocardial tissue, sections were stained with an anti-rat endothelial cell antigen (RECA, AbD Serotec, Düsseldorf, Germany) antibody in a dilution of 1:20 and an antihuman α-SMA (DAKO, Hamburg, Germany) antibody in a dilution of 1:50. To detect myocardial fibroblasts, an anti-rat vimentin antibody (Progen, Heidelberg, Germany) was applied in a dilution of 
